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Abstrat
The 't Hooft and Corrigan-Ramond limits of massless one-avor
QCD onsider the two Weyl fermions to be respetively in the funda-
mental representation or the two index antisymmetri representation
of the gauge group. We introdue a limit in whih one of the two Weyl
fermions is in the fundamental representation and the other in the two
index antisymmetri representation of a generi SU(N) gauge group.
This theory is hiral and to avoid gauge anomalies a more ompliated
hiral theory is needed. This is the generalized Georgi-Glashow model
with one vetor like fermion.
We show that there is an interesting phase in whih the onsidered
hiral gauge theory, for any N, Higgses via a bilinear ondensate: The
gauge interations break spontaneously to ordinary massless one-avor
SU(3) QCD. The additional elementary fermioni matter is unharged
under this SU(3) gauge theory. It is also seen that when the number of
olors redue to three it is exatly this hidden QCD whih is revealed.
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1 Introdution
Dierent limits in gauge theories have been explored in the past with the
hope to get a better understanding of strongly interating gauge dynamis.
The large N limit a là 't Hooft [1℄ and its theoretial suess [2℄ have trig-
gered a good deal of past and reent work in dierent realms of theoretial
physis from eld theory to string theory. Modern lattie simulations have
reently explored this limit [3, 4℄ as well as phenomenologial studies based on
low energy meson-meson sattering amplitudes [5℄. One an, however, imag-
ine dierent limits whih for ertain values of the theory parameters yield
Quantum Chromo Dynamis (QCD). Here and in the following we fous our
attention on one-avor QCD.
Immediately after the initial 't Hooft proposal Corrigan and Ramond
(CR) suggested a dierent limit [6℄ in whih one imagines the quarks to
be in the antisymmetri rank-two representation of the underlying gauge
group
3
. Clearly for three olors this is the fundamental representation of the
gauge group, however at large number of olors the theory is not mapped
in the 't Hooft limit. For instane quark loops are suppressed in the 't
Hooft limit but not in the CR limit. There are a number of immediate
onsequenes suggested in the CR work and a deade later investigated by
Kiritsis and Papavassiliou [7℄. Also very reently the idea that ertain setors
of these theories an be mapped in setors of super Yang-Mills (SYM) has
been suggested [8℄. Using a supersymmetri inspired eetive Lagrangian
approah some of the 1/N orretions were investigated in [9℄. When adding
avors the phase diagram as a funtion of the number of avors and olors
has been provided in [10℄. Further reent explorations of this limit and its
link to SYM an be found in [11℄ while the reader an nd a review of the
string theory aspets in [12℄.
The issue of onnement/deonnement phase transition at nonzero tem-
perature for the CR limit has been explored in detail in [13℄. Here, one of
the present authors has shown the appearane of an alternating pattern as
a funtion of number of olors with respet to the remaining symmetries of
the enter group. These results must be ompared with the 't Hooft limit
3
To be more preise Corrigan and Ramond [6℄ suggested a generalization of QCD in
whih some avors were in the higher dimensional representation and others still in the
fundamental representation. They foused the paper on the baryoni properties of this
theory and the η′ properties at large N , as well as tehniolor models with fermions in the
two index antisymmetri representation of the gauge group.
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often used to infer information about QCD.
New tehniolor type theories have reently been onstruted whih make
use of new gauge interations with fermions in the two index (but symmetri)
representation of the gauge group [10, 14℄. These theories are not ruled out
by the eletroweak preision measurements [15℄.
Sine these two limits are very dierent it would be interesting to explore
a third one whih is somewhat in between the 't Hooft and CR one. To be
more spei one would like to have half of the fermions in the rank-two
antisymmetri representation and the other half transforming aording to
the fundamental representation of the gauge group. If suh a theory exists,
for three olors it would be idential to one-avor QCD and for a generi
number of olors the theory would be, however, hiral. First we have ertain
issues to address:
• Can one onstrut a gauge anomaly free hiral theory whih for three
olors is vetor-like and in partiular exatly one-avor QCD ?
• Even if we nd suh a theory what an we say either about QCD or
this theory?
It turns out that it is possible to onstrut suh a gauge anomaly free hi-
ral theory. It is a partiular ase of the generalized Georgi-Glashow (gGG)
model [16℄. In this model we have exatly one fermion in the two index
antisymmetri representation and other fermions in the fundamental and an-
tifundamental representation of the gauge group. Speial relations between
the two kinds of fermions are required to avoid the dangerous gauge anoma-
lies. In Figure 1 we shematially summarize the dierent limits for QCD.
Together with their sister theories of the Bars-Yankielowiz (BY) type [17℄,
in whih the fermions with two indies are symmetrized, these hiral gauge
theories are known to display a number of interesting possible phases in the
infrared. See referenes [18, 19℄ for a review of some of these properties and
an exhaustive list of referenes on the gGG and BY models.
In the next setion we introdue the gGGmodel. We show the existene of
a phase in the model, for a generi number of olors, in whih the gauge group
spontaneously breaks exatly to massless one-avor QCD and a remnant part
whih does not interat in the deep infrared and is disonneted from QCD.
This allows us to make a number of preditions for the hiral gauge theory
using our QCD knowledge. We also disuss possible pitfalls and alternative
senarios. We nally onlude in setion three.
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Figure 1: Shemati representation of the matter elds required to onstrut
the three distint limits whih for three olors redue to massless one-avor
QCD. On eah line we inrease the number of olors while the gauge group
is always SU(N).
2 The Generalized Georgi-Glashow Model: Hid-
den QCD
The generalized Georgi-Glashow (gGG) model is based on the gauge group
SU(N). The matter ontent of the theory inludes fermions A = ψ
[ij]
L , i, j =
1, · · · , N in the anti-symmetri 1
2
N(N −1) irreduible tensor representation;
N − 4 + p fermions F¯i,f = ψ
c
i,fL, f = 1, · · · , N − 4 + p in the onjugated
fundamental representation; and p fermions F i,f = ψi,fL , f = 1, · · · , p in the
fundamental representation as summarized in the table below:
[SU(N)] SU(N − 4 + p) SU(p) U1(1) U2(1)
A 1 1 N − 4 2p
F¯ 1 −(N − 2) −p
F 1 N − 2 −(N − p)
The rst SU(N) is the gauge group. The two abelian symmetries are
anomaly free. They are linear ombinations of the original U(1) symmetries
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ating on eah fermioni eld separately. The antifermion is needed to render
the theory free from gauge anomalies.
For now we just note that when p = 1 and N = 3 the theory oinides
with one-avor QCD with F being the quark and A being the antiquark.
The beta funtion of the model is
β = µ
dα
dµ
= −β1(
α2
2pi
)− β2(
α3
4pi2
) +O(α4) , (1)
where the terms of order α4 and higher are sheme-dependent and β1 =
3N+2−(2/3)p and β2 = (1/4)[13N
2+30N+1−12/N−2p((13/3)N−1/N)].
Thus the theory is asymptotially free if
p < (9/2)N + 3 . (2)
There are a number of interesting possibilities studied in the past for
the ground state of these theories. The reader an nd a list and a guide
on how to selet among dierent possible ground states in [19℄. One of the
remarkable properties of these theories is that there are phases in whih
the whole hiral symmetry does not break and the onning spetrum in
the infrared saturates all of the 't Hooft global anomalies of the theory.
Besides some of these phases an also be seen as Higgs phases or partial Higgs
phases and partial onning. By onning, however, we simply mean that
the low energy states are omposites of the underlying fermions in a olor
blind objet. Sine in these theories the enter group symmetry is absent
we do not have a good order parameter for the onnement/deonnement
transition. This is similar to the ase of one-avor QCD.
As was noted above the ase with p = 1 is of partiular interest. For
arbitrary N this is an asymptotially free hiral theory whih for N = 3,
oinides with massless one-avor QCD. It is also lear that in the present
limit to QCD the ordinary quark left emerges as in the 't Hooft limit while
the onjugated quark right is reovered as in the CR limit. The fermions
F¯ disappear in the N = 3 limit. In this sense we onsider this theory as
a novel limit intermediate with respet to the 't Hooft and CR ones. A
straightforward ount of the degrees of freedom in the ultraviolet shows that
we have N2 gluons, N2 F¯ -type fermions and N2/2 A-type fermions. On the
other hand in the CR limit we have N2 gluons and N2 fermions, while in
the 't Hooft limit we just have N2 gluons. From the QCD point of view we
suppress only half of the fermion spetrum and keep the other half. F¯ is a
fermion needed, for any nite N to ensure that the theory is well dened.
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Although many phases are known and are possible to our for a given
gGG theory still muh is unknown about hiral gauge theories per se. This
heavily limits our preditive apabilities. However, it is worth mentioning
that a large N limit for these theories an be onstruted and the expansion
organized [20℄. So, perhaps, also a string theory desription of these theories
is possible.
We also notie that these theories have been used in phenomenologi-
al models for grand uniation, theories of massless omposite leptons and
quarks and for suggesting purely fermioni gauge theories whih might nat-
urally Higgs.
When departing from the three olor limit we envision two logial possi-
bilities:
• A phase transition in the number of olors ours and the hiral gauge
theory in the new phase displays a vastly dierent struture with re-
spet to the three olor limit.
• A more subtle phase emerges whih allows the theory to smoothly link
itself to QCD when the number of olors is three.
The rst ase may appear in dierent ways. Here we suggest the follow-
ing two possibilities. Assume that the gGG theory onnes for any number
of olors without breaking any of the global symmetries. Then the massless
spetrum of this theory must be fermioni and saturate all of the 't Hooft
anomaly onditions. This solution does exist and is summarized in the fol-
lowing table:
[SU(N)] SU(N − 3) U1(1) U2(1)
F¯AF¯ 1 −N 0
F¯ †A†F 1 N −N
Here the massless fermioni spetrum is onstituted by two types of ol-
orless omposite massless bound states, F¯AF¯ and F¯ †A†F . At large number
of olors one an drop the fermion F and the only relevant bound state is
F¯AF¯ . The phase transition from three olors to a larger number of olors
emerges sine massless olorless bound states appear whih were not present
before. Sine the assoiated avor symmetries were not present in the QCD
ase one may still argue that the assoiated urrents simply do not math the
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ones of QCD and that QCD is somewhat hidden in the massive dynamis
of this phase. Although we annot ompletely exlude this possibility the
problem would, in any ase, be that within this piture it is hard to see any
trae of QCD.
Another possible phase is the one in whih the F fermion ondenses with
F¯ . In this ase the gauge group remains intat while the avor symmetry
breaks to SU(N − 4)×U ′1(1)×U
′
1(1) where the last two abelian symmetries
are obtained by ombining the old abelian symmetries and one of the broken
nonabelian generators of the SU(N − 3) avor symmetry. The remaining
theory is the one without the F eld and an either Higgs or onne (these
two ases lead to the same number of massless fermions). Due to the breaking
of the avor symmetry we also have goldstone bosons. The reader an nd
a review of this phase in [19℄. This phase is prohibited for N less than four.
We, hene, do not expet this phase to be smoothly onneted to the QCD
limit.
We will now exhibit an interesting phase in whih the theory sponta-
neously breaks itself into massless one-avor QCD and elementary massless
fermions unharged under QCD. This an happen for any number of olors.
Reall that the full symmetry group of the theory is
[SU(N)]× SU(N − 3)× U1(1)× U2(1) , (3)
with the rst one being the gauge symmetry. Lets onsider the following
Higgs phase orresponding to the ondensation in the attrative hannel
× → , (4)
assoiated to the formation of the ondensate
〈A[ij]F¯j,f〉 , (5)
where the spinor indies are ontrated and i, j = 1, . . . , N and f = 1, . . . , N−
3. The present hannel is more attrative than the FF¯ one when the olors
are more than four in the one gluon approximation of the potential between
the two fermions. It breaks the gauge symmetry from SU(N) to SU(3).
Through olor-avor loking the broken gauge subgroup SU(N − 3) om-
bines with the avor group forming a new SU ′(N − 3) global symmetry.
After spontaneous symmetry breaking we still have two abelian symme-
tries U ′1(1)×U
′
2(1) left intat. The rst is formed as a linear ombination of
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the old abelian symmetries. The seond is formed by ombining the broken
diagonal SU(N) generator
T(N×N) =


3
.
.
.
3
3−N
3−N
3−N


, (6)
with the old U2(1) symmetry. Thus the pattern of symmetry breaking is
[SU(N)]× SU(N − 3)× U1(1)× U2(1)
↓ 〈AF¯ 〉
[SU(3)℄×SU ′(N − 3)× U ′1(1)× U
′
2(1) .
(7)
Lets investigate the eld ontent in the spontaneously broken phase.
All the Goldstone bosons are eaten up by the massive gauge bosons. The
fermions split into
A[ij] =
(
A[ff
′] A[fc]
A[cf ] A[cc
′]
)
, (8)
F¯i,f =
(
F¯[f ′,f ] + F¯{f ′,f}
F¯c,f
)
, (9)
F i =
(
F f
F c
)
, (10)
with f, f ′ = 1, . . . , N−3 and c, c′ = N−2, . . . , N . The massless setor of the
theory ontains F c and A[cc
′]
whih belong to the 3 and 3¯ of the unbroken
gauge subgroup SU(3). We identify them with an ordinary quark and anti-
quark respetively. Also F f ≡ Lf and F¯{f ′,f} ≡ L¯{f ′,f} whih are olor
singlets remain massless. Summarizing, the spontaneously broken phase has
the following massless fermion ontent
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[SU(3)] SU ′(N − 3) U ′1(1) U
′
2(1)
q 1 −N 2
3
N
q¯ 1 N −2
3
N
L 1 −N N
L¯ 1 −N 0
This shows that for any number of olors we have found a phase of the
theory whih at low energy splits into massless one-avor QCD and a num-
ber of elementary massless fermions unharged under the olor gauge group.
However massless one-avor QCD onnes and gaps as well so that in the
deep infrared the only true massless degrees of freedom are indeed the hiral
fermions L and L¯. Sine the global symmetries are unbroken the massless
spetrum in the deep infrared, needed to saturate the 't Hooft anomalous
onditions, oinides with the one of the onning phase. However the mass-
less spetrum of the theory onsists of elementary fermions as opposed to
the onning phase whih onsists of bound states of the original elementary
fermions. To observe the physial dierene between these dierent phases
one has to go beyond the simple ounting of massless degrees of freedom.
For instane one should probe the struture of the massless fermions and
investigate the massive spetrum of the theory.
In our ase we predit dierent energy ranges: First an energy range
above and around the sale Λ of the ondensate 〈AF¯ 〉. Some of the underlying
fermions (whih an be traed via the analysis performed above) reeive mass
via this ondensate with a mass of the order of Λ. Exept for the massless
otet of ordinary gluons all of the remaining gauge bosons will aquire a
mass of the order of gΛ . Λ where g is the oupling onstant evaluated
at the energy Λ. A seond energy range is below the sale Λ where we
have massless one-avor QCD together with the L and L¯ fermions whih
are unharged under the QCD gauge group. Then a new sale ΛQCD < Λ
develops where QCD onnes. The third and last energy range is below
ΛQCD where only L and L¯ survive as massless elementary fermions.
It is very tempting to assume a smooth limit as funtion of the number of
olors near the three olor ase. If this happens we an predit that the QCD
spetrum desribes a good part of the massive non-perturbative spetrum of
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the underlying hiral gauge theory. This is so sine the Lagrangian splits
into two setors below the sale Λ as follows
L = LQCD(q, q¯) + LNon−Gauge(L, L¯) . At energy scales smaller than Λ .(11)
Hene the partition funtion of the underlying hiral gauge theory fa-
torizes at low energy in the partition funtion for QCD and the one of low
energy massless noninterating fermions. A part of the massive spetrum of
the gGG model orresponds to the one of one-avor QCD for any number of
olors. Surprisingly this phase is now smoothly onneted to pure massless
one-avor QCD when the number of olors is three even though our theory
is a ompliated hiral gauge theory.
When the number of olors is very large the A and F¯ fermions dominate
the ation. This is so sine the number of these fermions inreases quadrat-
ially with the number of olors while the F fermions inrease only linearly
with respet to the number of olors. Sine QCD emerges, in our piture,
as a mismath between the N olors and the N − 3 avors we expet this
phenomenon to appear only when onsidering subleading terms in the 1/N
expansion of the full theory.
3 Conlusions
We have introdued a new limit for massless one-avor QCD. For three olors
one an imagine one of the two Weyl fermions of one-avor massless QCD
to belong to the fundamental representation of the gauge group and the
other in the two index antisymmetri representation. When the number of
olors is larger than three the theory is hiral. To avoid gauge anomalies a
more ompliated theory is needed. This is the generalized Georgi-Glashow
model with one vetor like fermion. While a large number of possible phases
for these theories have been onstruted, unfortunately very little is known
about the ground state of these type of gauge theories and/or the spetrum
of massive states. It is possible that when the number of olors inreases a
possible link with QCD is ompletely lost. We have shown how this ould
happen by providing dierent phases in whih this theory would not display
any QCD property.
Somewhat surprisingly, we have disovered a phase in whih, for any N ,
if we assume the AF¯ bilinear to ondense, (here we are onsidering the ase
of p = 1) the gauge interation breaks spontaneously to ordinary massless
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one-avor SU(3) QCD. The additional elementary fermioni matter is un-
harged under this SU(3) gauge theory. We have already stressed that suh
a ondensation pattern is partially supported by the fat that the ondensate
orresponds to a maximally attrative hannel when the number of olors is
suiently large. Besides, when the number of olors redue to three it is
exatly this hidden QCD whih is revealed. The two setors of the theory are
disonneted at low energy and we predit the one-avor QCD spetrum to
onstitute a relevant part of this ertain lass of generalized Georgi-Glashow
models. The large number of olors limit enhanes only half of the QCD
fermioni matter. We expet that our limit an be used also when exploring
supersymmetri hiral gauge theories.
Together with the 't Hooft and Corrigan-Ramond limits, the present one
exhausts all of the possible ways (representation wise) one an envision ex-
tending massless one-avor QCD.
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